The size and interposition of particles is a key parameter for the practical application of metallic nanostructures which requires the development of a synthesis method with precise control over their parameters. In this work the method for the synthesis of gold nanostructures in the pores of silicon dioxide from a gold sulfite complex and a gold chloride solution via wet chemistry technique was proposed. The influence of deposition parameters, such as deposition temperature and electrolyte composition, on the deposit morphology was studied. It was shown that gold agglomerates were unevenly distributed over the silicon surface at high temperatures and practically uniformly distributed with temperature decrease. Addition of fluoric acid at the deposition stage defines the metal precipitation selectivity into the silicon oxide pores. The peculiarities of gold nanostructures formation mechanism were discussed. a Baltarusijos nacionalinės mokslų akademijos Mokslinis-praktinis medžiagų tyrimo centras, Minskas, Baltarusija b Branduolinės fizikos instituto Kietojo kūno fizikos laboratorija, Astana, Kazachstanas c L. N. Gumiliovo vardo Eurazijos nacionalinis universitetas, Astana, Kazachstanas d Pietų Uralo valstybinis universitetas, Čeliabinskas, Rusija e Baltarusijos nacionalinės mokslų akademijos Naujų medžiagų chemijos institutas, Minskas, Baltarusija
Introduction
The steady increase in the number of publications devoted to nanostructures (NSs) and nanostructured materials is due to their unique properties, which are not typical for the bulk objects of the same composition [1, 2] . Particular attention is paid to NSs made of plasmonic metals, such as copper, silver and gold, exhibiting their unique optical properties in the visible wavelength range [3, 4] . When a light wave interacts with an NS with characteristic dimensions smaller than the wavelength of light, an oscillation of electronic cloud with plasmonic frequency ωp arises at the metal/dielectric interface (most often the di-electric is air) [5] . These areas are characterized by a high electrical field intensity -'hot spots' [6] . This peculiarity makes it possible to use these structures as the basic element for signal enhancing in surfaceenhanced Raman spectroscopy (SERS) for the study of substances with low concentrations [7] .
The optical properties of plasmonic NSs strongly depend on the size, shape and type of metal [8] . These parameters determine the position and intensity of the plasmon resonance, the knowledge of which is required for laser type selection for SERS research. The shape and size of particles depend on the synthesis parameters, such as concentration and temperature of active solutions, deposition time, etc. [9, 10] . Using of the template synthesis method allows one to effectively control the deposition of NSs by varying the listed parameters [11] [12] [13] [14] [15] . Thus, in recent works we have demonstrated the possibility of obtaining copper [16] and silver NSs [17, 18] with a different size and shape in the pores of the ion-track SiO 2 /Si template. Appearance of an oxide film on the silver and copper NSs surface limits their service durability due to blocking plasmonic effects. Considering the fact that gold based NSs are void of such problem [19] [20] [21] , in this work an attempt of gold NSs selective deposition in the pores of the SiO 2 /Si template is made. To obtain the NSs, the technique described in [22] was taken as the basis. Also, the first experiments on gold NSs deposition into a porous template from a solution of gold chloride were carried out. The deposition mechanism is not fully understood, especially with respect to Au cations and Cl anions. The authors proposed the gold NSs production in the pores of a polymer ion-track template by using a gold sulfite complex solution [23] . It should be noted that it is difficult to use systems with gold NSs in the polymer template pores for SERS application, since the polymer has a large number of molecular bonds, which introduce a lot of additional background peaks in SERS spectra. There are no difficulties with interpreting obtained results when silicon templates are used, since such substrates give only one strong vibration mode in the region of 520 cm -1 .
Thus, the possibility of synthesizing gold NSs in pores of silicon oxide from a gold sulfite complex and a gold chloride solution under various deposition conditions, as well as a detailed study of the obtained NSs are considered in the paper.
Methods
For deposition of gold NSs SiO 2 /p-Si templates with pore sizes in the silica layer of about 550 nm were used. The features of obtaining such templates are described in detail in [24] [25] [26] [27] . The deposition of gold into SiO 2 pores was carried out by the means of wet chemistry from the gold (I) sulfite complex (Na)[Au(SO 3 ) 2 ] prepared according to the methods [22] and a gold chloride solution AuCl 3 ·H 2 O. The temperature of the solution was 0, 25 and 50°C. The deposition was carried out with the addition of a 5 M solution of hydrofluoric acid (HF) to the gold (I) sulfite complex and the gold chloride solution in a ratio of 1:1.
The primary attestation of the deposition results was carried out on a scanning electron microscope (SEM, Hitachi TM3030) with an attachment for energy dispersive X-ray spectroscopy studies (EDX, Bruker XFlash MIN SVE). A detailed analysis of the morphology of gold NSs was carried out on a SEM JEOL JSM-7500F. The increase of the gold amount on the surface of the SiO 2 /Si template with electrolyte temperature decrease is clearly visible on SEM images ( Fig. 1(a,  d, g) ) obtained from a large sample area. At 50°C single gold agglomerates are formed on the surface, and most of pores remain unfilled ( Fig. 1(a, b, c) . The temperature decrease down to 25°C leads to a metal amount increase on the surface of SiO 2 , as well as to the formation of gold particles in the pores of SiO 2 (Fig. 1(d, e, f) ). Sodium-containing crystals are also present on the surface. Gold NSs have characteristic sizes less than 100 nm and are randomly distributed on the template. Further temperature lowering down to 0°C causes an even greater increase in the metallic phase amount formed on the surface and in the pores ( Fig. 1(g, h, i) ). This gold deposit is formed both in the form of separate crystallites with sizes up to 200 nm, and their agglomerates. The analysis of EDX-maps and their corresponding spectra indicates the presence of only gold, silicon and oxygen (from SiO 2 ) in the studied systems.
Results and discussion
Using a gold sulfite complex, deposition of gold in individual pores can be carried out provided that the temperature of the solution will be low. But because of the agglomerates formation on the surface it is not possible to achieve selectivity of the process. Therefore, when using a gold sulfite complex without additional activation of a silicon substrate localized on the bottom of pores in an oxide layer, the selectivity (exclusively in the pores) of the metal deposition process will be low.
For chemical activation of the silicon surface, hydrofluoric acid was added to the initial gold sulfite complex solution. When complex Na 3 [Au(SO 3 ) 2 ] and HF dissolve in water, they dissociate into cations and anions, including Au 3+ , From the analysis of chemical reactions (1, 2) , it is obvious that the deposition of gold into the pores should occur with three simultaneous processes: electrochemical reduction of gold on silicon (1) with a simultaneous anodic process, Si passivation in acidic media to form a thin layer of SiO 2 , and SiO 2 etching in hydrofluoric acid (2) . This denotes the silicon surface activation by hydrofluoric acid. Electrons, participating in the reduction of gold cations to the metallic state in the electrolyte, are released from the silicon surface. The implementation of the processes near the silicon substrate will facilitate the selective metal deposition into the pores of the SiO 2 /Si-template.
During the deposition from the gold sulfite complex without the addition of HF, the metal practically did not react at 50°C, and its amount was excessive at 0°C. Consequently for a better control of the process 25°C temperature was chosen for the deposition. The results of precipitation are shown in Fig. 2 .
When dissolved in water, AuCl 3 and HF dissociate into cations and anions Au 3+ , Cl -, H + , F -, which participate in subsequent chemical reac-tions, schematically represented in Fig. 3(a) . During the gold deposition in the pores, three processes simultaneously proceed: electrochemical reduction of gold on silicon with a simultaneous flow of anodic and cathodic processes, oxidation of silicon and etching of SiO 2 in fluorine acid ( Fig. 3(a) ). ). Au nanoparticles begin to form along the lateral faces of the pore, turning into nanostructures of complex morphology with pointed tips (Fig. 3(d) ). The change in shape and size indicates different rates of deposition with temperature, using different concentrations of hydrofluoric acid.
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Conclusions
Series of experiments on the deposition of gold nanostructures into the pores of the SiO 2 /Si ion-track template were carried out. It was shown that, during deposition from a gold sulfite complex, gold nanostructures were synthesized both in the silicon oxide layer pores and on the SiO 2 surface. It was demonstrated that the addition of a 5 M hydrofluoric acid solution to a gold sulfite complex solution stimulated the selective deposition of gold nanostructures in the SiO 2 template pores without gold deposit formation on the SiO 2 surface. In addition to gold, sodium-containing crystals were observed in some places on the template surface. This fact requires additional studies. The method is also proposed for the precipitation of gold chloride from a solution through the addition of hydrofluoric acid with processes of oxidation, etching and reduction, including substitution, between gold chloride and -OH groups on the defective portions of the silicon dioxide surface. The sample regions, which have exclusively gold nanostructures in the template pores, can be interesting for SERS application.
